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ABSTRACT 
In organic photovoltaic devices two types of excitons can be generated for which different binding energies can be
defined: the binding energy of the local exciton generated immediately after light absorption on the polymer and the 
binding energy of the charge-transfer exciton generated through the electron transfer from polymer to PCBM. Lowering 
these two binding energies is expected to improve the efficiency of the devices. Using (time-dependent) density
functional theory, we studied whether a relation exists between the two different binding energies. For a series of related 
co-monomers, we found that the local exciton binding energy on a monomer is not directly related to that of the charge-
transfer exciton on a monomer-PCBM complex because the variation in exciton binding energy depends mainly on the 
variation in electron affinity, which does not affect in a direct way the charge-transfer exciton binding energy. 
Furthermore, for the studied co-monomers and their corresponding trimers, we provide detailed information on the 
amount of charge transfer upon excitation and on the charge transfer excitation length. This detailed study of the 
excitation process reveals that the thiophene unit that links the donor and acceptor fragments of the co-monomer actively 
participates in the charge transfer process. 
Keywords: organic photovoltaics, (time-dependent) density functional theory, donor-acceptor co-monomers, local
exciton, charge-transfer exciton, exciton binding energy  
1. INTRODUCTION
Solar energy is an attractive renewable energy source for which effective and low-cost solar cells are needed. Currently,
silicon-based photovoltaic (PV) devices are the most common solar cells because of their high power-conversion 
efficiency (PCE) of 20-25%.1 Unfortunately, their production process requires many steps, uses large amounts of toxic
chemicals, is energy consuming and expensive.2 An appealing alternative is the organic photovoltaic (OPV) device. This 
type of solar cell has several advantages compared to silicon-based PV devices: it can be produced from cheap and 
abundant materials using low-cost (i.e., solution-processing) and large-scale fabrication methods (e.g., roll-to-roll 
printing).3 However, successful commercialisation of OPV devices will only happen when three basic requirements are 
fulfilled at the same time: reasonable PCE, lifetime and cost.3 Currently the PCE of OPV devices is only about 10%1,
which is low compared to the PCE of silicon-based PV devices. 
Presently, the best performing single-junction (i.e., solar cell configuration consisting of one cell) OPV devices are based 
on the concept of the three-dimensional (bulk) heterojunction (BHJ).4 In this type of device the photo-active layer 
consists of bi-continuous and interpenetrating networks of phase-separated donor and acceptor domains that ideally 
should not be larger than the exciton diffusion length. In this way, all excitons are able to reach the donor-acceptor 
interface before they recombine. The hole-conducting donor typically is a conjugated polymer that absorbs most of the
light. Record PCEs are obtained with OPV devices that contain donor-acceptor co-polymers as the donor material.5, 6 In 
donor-acceptor co-polymers electron-rich donating and electron-poor accepting fragments are coupled together in one 
monomeric unit, which reduces the band gap and enhances light absorption towards the near infrared spectral region.7-9 
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  The electron-conducting acceptor usually is a fullerene derivative.10 A well-known and often applied fullerene derivative 
is [6,6]-phenyl-C61-butyric acid methyl ester (PCBM).11 
 
To understand why the PCE of organic solar cells is rather low, we need to study the OPV working mechanism. The 
commonly accepted scheme consists of the following steps: light absorption by mainly the donor leading to the 
formation of tightly bound electron-hole pairs (i.e., excitons), diffusion of these excitons towards the donor-acceptor 
interface, electron transfer from donor to acceptor, transport of free charges to the electrodes and finally charge 
collection.12 Due to the low dielectric constant of organic semiconductors, tightly bound electron-hole pairs are formed 
on the polymer after light absorption.13 
 
Despite this attained understanding, the generation of free charges in OPV devices is still not fully understood. Besides 
intra-molecular local excitons on the polymer, many experimental studies14-17 demonstrate the presence of inter-
molecular charge-transfer (CT) excitons that may be generated at the donor-acceptor interface by electron transfer. The 
interfacial CT state can be seen as an intermediate state between the initially excited state and the final charge-separated 
(CS) state.13, 15, 18 Often the lowest CT state (CT1) of the CT manifold is lower in energy than the final CS state. The 
energy difference is believed to be one of the most important parameters that limit the PCE of OPV devices.12, 13 
 
Clarke et al.19 define two different binding energies for the intra-molecular local excitons and the inter-molecular CT 
excitons to emphasise their difference. The first definition considers the binding energy of the initially formed local 
exciton. This property is equal to the energy difference between the CS state consisting of two fully dissociated charges 
in the same material and the initially formed local exciton. This binding energy will be labelled Ebexc from now on 
(Figure 1).19 Estimates of Ebexc for conjugated polymers range from less than 0.1 eV to over 1 eV.19 Several experimental 
and theoretical studies showed that different types of excitons with varying Ebexc are formed as the primary photo-
excitations in polymers.9 The less bound excitons are believed to play a significant role in the photovoltaic process 
because they might decrease the energy and voltage loss for charge separation9, reduce geminate recombination, and 
make electron transfer from donor to acceptor easier.20 
 
The second definition of Clarke et al.19 considers the binding energy of the CT exciton. The energy difference between 
the CS state consisting of two fully dissociated charges in the donor and acceptor molecules and the nearest neighbour 
CT1 state at the donor-acceptor interface, is called the CT exciton binding energy and labelled EbCT from now on (Figure 
1). This energy difference is estimated to be a few tenths of an eV.19, 21 Consequently, the electron and hole are not able 
to escape from their Coulomb attraction in order to generate free charges. In general, if the binding energy of either the 
local or CT exciton is higher than the available thermal energy, which is a few hundredths of an eV, the electron and 
hole remain bound.19 
 
 
Figure 1. Local exciton at the donor monomer 4,4′-bis-(2-methyl)-4H-cyclopenta[2,1-b;3,4-b′]-dithiophene-4-(2-thienyl)-
2,1,3-benzothiadiazole (CPDTTBT) illustrating the exciton binding energy (Ebexc) and inter-molecular CT exciton at the 
donor CPDTTBT and the acceptor PCBM illustrating the CT exciton binding energy (EbCT). (blue: positive charge, red: 
negative charge) 
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Different mechanisms exist that explain how the charge generation process in organic solar cells can overcome the high
EbCT. One of the most popular ones assumes that excess photon energy leads to hot CT states that assist in charge 
separation. Bakulin et al.22 found experimental evidence in the enhancement of the photo-current due to re-excitation in 
the CT manifold. Still, the question whether this hot CT state assisted mechanism is common to photo-induced charge 
separation processes in general, remains challenging to answer. Recently, an experimental study performed by Vandewal
et al.17 indicated that free charge carriers are generated and collected with nearly identical efficiencies regardless of 
whether the charges are generated on excitation directly into the CT1 state or on excitation into higher energy, unrelaxed 
CT states, higher energy donor excited states and higher energy acceptor excited states. Vandewal et al.17 propose that all
hot CT states relax within the CT manifold and are in thermal equilibrium with CT1, which suggests that excess energy 
cannot be exploited to improve the charge separation yield.17 
An electronic state diagram of the solar energy conversion to free charges is shown in Figure 2. The blue arrows show 
the basic steps to create free charges assisted by hot (grey lines) and higher energy electronic CT states (black line 
labelled CTn). The green arrows show the energy difference defined as EbCT and the CS state energy, which is the energy 
difference between the ionisation potential (IP) of the donor and electron affinity (EA) of the acceptor. 
Figure 2. Electronic state diagram of the first steps of the OPV working mechanism. Vibrational energy levels within the CT 
manifold are depicted in grey. Higher energy electronic D* states are omitted for clarity. (D* = donor excited state, D+ =
radical cation of donor, A- = radical anion of acceptor) 
Szarko et al.23 are of the opinion that understanding the role of charge separation via intra- and inter-molecular charge
transfer mechanisms is of great importance for comprehending the OPV functional performance. They state that the role 
of intra-molecular CT states and their dependence on the push-pull character of the polymer has received little attention, 
mainly because intra-molecular charge transfer and charge separation processes were thought to be unimportant for OPV 
device performance. However, Szarko et al.23 showed that for PTB7:PCBM blends free charges are actually generated
via a combination of intra- and inter-molecular charge transfer mechanisms.23 
Howard et al.24 showed for P3HT:PCBM blends that quenching of the local excitons on P3HT via electron transfer leads 
to two populations: inter-molecular CT excitons and the immediate formation of free charges. It appeared that all CT 
excitons recombine and therefore do not contribute to the photo-current. Therefore, in this blend free charges are 
generated without passing through the inter-molecular CT state as intermediate state.24 
Based on experimental results, Rolczynski et al.25 conclude that a more polar local exciton on the polymer is more likely 
to produce a better separated electron and hole and therefore to produce free charges in BHJ devices. Their study focuses 
on the role of the local exciton polarity on the exciton dissociation dynamics at the donor-acceptor interface. They 
showed that a higher exciton polarity enhances charge dissociation within tens to hundreds of picoseconds after the 
excitation. The local dipole moment change upon excitation of a single repeating unit of the polymer (Δµge) is used to 
characterise the local exciton polarity. A higher exciton polarity can be obtained by push-pull actions between the 
neighbouring building blocks of the co-polymer. It is proposed that a correlation exists between the local charge transfer 
character in the co-polymer and the corresponding BHJ device performance through the intrinsic polarity of the 
exciton.25 
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These studies all make clear that charge separation in OPV devices via intra- and/or inter-molecular charge transfer 
mechanisms is still not fully understood. Szarko et al.23 expect that a (possible) interplay between intra- and inter-
molecular CT states has significant implications for how to optimise the BHJ morphology to obtain better performing
OPV devices. Regarding such a possible interplay, an unanswered question is whether a relation exists between the 
binding energy of the local exciton (i.e., intra-molecular CT state) and the binding energy of the CT exciton (i.e., inter-
molecular CT state). Lowering the binding energies of both types of excitons is expected to contribute to better 
performing OPV devices since charges can be separated via intra- and/or inter-molecular charge transfer mechanisms as 
Howard et al.24 and Szarko et al.23 showed.  
The objective of this work is three-fold. According to Rolczynski et al.25 Δµge (defined for a monomer unit) reflects the
local electron density displacement upon excitation and can be used to characterise the local exciton polarity, which in 
turn gives information about the possibility to create free charges. This suggests that changes in the local exciton polarity 
are related to changes in the amount of charge that is transferred upon excitation and/or changes in the separation 
between the positive and negative charge formed upon excitation of a monomer. These characteristics of the excitation 
process provide detailed and complementary information on the charge separation process upon excitation. Therefore, in 
the first place, we study these characteristics and their (possible) relation to Ebexc for a series of related donor-acceptor 
co-monomers and their corresponding trimers (Figure 3). From the electron density difference between the excited and 
ground state, Δρ(r), the amount of transferred charge between segments upon excitation using a Mulliken population 
analysis26 is obtained. Different methods have been proposed to quantify the charge transfer character of an electronic 
transition and the charge transfer excitation length. Etienne et al.27, 28 suggest the use of detachment and attachment 
densities, which physically depict the hole and electron generated upon excitation. Here, the spatial distance between the 
two barycentres of the regions where an electron density loss or gain is generated upon excitation, is calculated 
following the procedure put forward by Le Bahers et al.29. This distance is a measure of the charge transfer excitation 
length, labelled DCT29. The charge separation upon excitation is visualised by computing an isosurface of Δρ(r). 
Secondly, since in real OPV devices polymers are embedded in a blend and not isolated, we investigate the effect of an
embedding on the vertical local exciton binding energy (Ebexc)vert of the same series of monomers using the polarisable 
continuum model (PCM)30. In this way we can answer the question whether these embedding effects influence the trend 
that was found in vacuum for (Ebexc)vert31. 
Thirdly, we study whether a relation exists between the binding energies of local and CT excitons for the same series of 
monomers. Isolated monomer-PCBM complexes are used to calculate the properties of the CT excitons. 
Figure 3. Chemical structures of monomers (n = 1) 1-6 and their corresponding trimers (n = 3) T1-T6. Monomer 1 is the 
reference monomer CPDTTBT. Isomers 2 and 3 are linear-conjugated and 4 and 5 are cross-conjugated. Monomers 2-5
contain mesomeric push-pull groups and monomer 6 contains inductive push-pull groups. 
We concentrated on a series of related donor-acceptor co-monomers (Figure 3) that have different (Ebexc)vert, resulting 
from the different push-pull group substitution patterns, and different local exciton polarities, shown by different Δµge.31 
In this series, the reference monomer 1 is CPDTTBT, a well-known donor-acceptor co-monomer, which consists of the 
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donating fragment CPDT and the accepting fragment BT, linked via one thiophene unit T. Such a thiophene unit is often
included in the donor-acceptor co-polymer design to make the backbone more planar.6 
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2. COMPUTATIONAL DETAILS
2.1 Charge transfer and charge separation upon excitation 
Geometries of the isolated monomers 1-6 were optimised using Density Functional Theory (DFT) (BHandH32/6-31G**) 
with the program DALTON33 and geometries of the isolated trimers T1-T6 with the program GAMESS-UK34. The 
arguments for choosing BHandH to describe these systems can be found elsewhere31, 35. The lowest vertical excitation 
energy and corresponding excited state density ρexc(r) were calculated with time-dependent DFT (TD-DFT) (BHandH/6-
31G**) using the program GAUSSIAN0936. For all monomers and trimers, the primary photo-excitation (i.e., the 
excitation with the largest oscillator strength) is the first excited state. For all systems except T4 the largest contribution 
for this state comes from a HOMO → LUMO one-electron transition on the monomer/trimer. For T4, the HOMO → 
LUMO (c2 = 0.25) and HOMO-1 → LUMO transitions (c2 = 0.26) are equally important.31 Ground (ρgs(r)) and excited 
state densities were calculated on a grid of points using the cubegen program of GAUSSIAN09. For the first excited 
state, the electron density displacement upon excitation, Δρ(r), was calculated by taking the difference between ρexc(r)
and ρgs(r). Plots of an isosurface of Δρ(r) were generated with GAUSSVIEW to visualise the charge transfer upon 
excitation of the monomer/trimer.  
Subsequently, Δρ(r) was used to calculate DCT according to the procedure outlined by Le Bahers et al.29. The barycentres 
of the spatial regions where an electron density loss or gain is generated upon excitation, respectively ρ+(r) and ρ-(r), 
were calculated in the following way: 𝑅! = !!! ! !"!! ! !" = 𝑥!, 𝑦!, 𝑧! (1) 
and analogously for ρ-(r) leading to 𝑅!. By integrating ρ+(r) or ρ-(r) over all space the total amount of transferred charge,
qCT, was obtained. The spatial distance between the two barycentres, DCT, was given by: 𝐷!" = 𝑅! − 𝑅! (2) 
As Le Bahers et al.29 pointed out, the result of multiplying DCT with qCT has to be equal to the value of Δµge. 
The difference between the Mulliken charges of the first excited and ground state, grouped per segment, was used to 
quantify the amount of transferred charge between the segments during the excitation (GAUSSIAN09). It appears that in 
monomer 1 and 4-6 very little charge (~0.04 |e-|) is transferred in the ground state. Monomers 2 (0.13 |e-|) and 3 (0.12 |e-|) 
show a slightly larger charge transfer in the ground state. In all trimers a reasonably small amount of charge is 
transferred in the ground state (range: 0.1-0.4 |e-|). A comparison between the Mulliken charge differences and charge
differences obtained by a natural population analysis37 (NPA with GAUSSIAN09) for monomers 1 and 5 grouped per 
segment showed that similar results for both methods were found (see Figure 4 for the results of the Mulliken analysis). 
Based on this similarity we conclude that the numbers obtained by a summation of atomic charge population differences 
for a specific part of the molecule are not very dependent on the choice of charge analysis. Therefore, in this study the 
Mulliken population analysis is used for this purpose. 
To check the validity of the (TD-)DFT results for the vertical first excited state energy and the amount of charge transfer 
upon excitation, state specific (SP) and state average (SA) CASSCF(16,12) calculations with a 6-31G** and ANO-S
basis set of TZP quality (S 5s 4p 1d /C/N/O 4s 3p 1d /H 3s 1p) were performed for monomer 1 using the program 
MOLCAS38-40. Only the SP and SA CASSCF (ANO-S) calculations were followed by CASPT2 calculations because this 
method requires a sufficiently large basis set. The active space consisted of the 8 highest occupied and 4 lowest
unoccupied π-orbitals. 
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2.2 Effect of an embedding on the vertical local exciton binding energy 
Single-point neutral, cationic and anionic polarisable continuum model DFT (PCM-DFT) (restricted open-shell DFT in 
the case of the cationic and anionic calculations) and single-point first excited state PCM-TDDFT (BHandH/6-31G**) 
calculations with increasing static dielectric constant εr (range: 1-15) were performed with the program DALTON, all at
the optimised ground state geometry of the monomers 1-6. At every εr, (Ebexc)vert of the monomers 1-6 was given by the 
energy difference between the vertical CS state of the monomer - calculated as the energy difference between the vertical 
IP ((IP)vert) and vertical EA ((EA)vert) - and the vertical first excited state of the monomer. 
2.3 Monomer-PCBM complexes 
Geometries of monomers 1-6 with PCBM in their vicinity were optimised using dispersion-corrected DFT (DFT-D41) 
(BHandH/6-31G**) with the program GAMESS-UK. In a previous study35 DFT-D (B3LYP42/6-31G**) geometry 
optimisations on four initial configurations of a monomer-PCBM complex were performed (GAMESS-UK) to determine 
a representative configuration. Here, the lowest energy configuration was used as a starting point for the geometry 
optimisation of these monomer-PCBM complexes. Neutral, cationic and anionic geometry optimisations were performed 
(unrestricted DFT in the case of the cationic and anionic complexes). 
The lowest 10 vertical excitation energies, and in the case of monomer 1-PCBM and monomer 6-PCBM the lowest 20, 
were calculated on the neutral optimised geometries using TD-DFT (BHandH/6-31G**) with DALTON. TD-DFT was 
used to obtain the excited state with the largest CT character from monomer to PCBM (labelled (CT)vert). Whether the 
excitation has CT character was estimated from the weight of the HOMO → LUMO one-electron transition to a given 
excitation: the HOMO is located at the donor molecule (monomer) and the LUMO at the acceptor molecule (PCBM).
(CT)vert is S3 for monomer 1-PCBM, S1 for monomer 2-PCBM, S1 for monomer 3-PCBM, S3 for monomer 4-PCBM, S1 
for monomer 5-PCBM, and S1 for monomer 6-PCBM. For monomer 1-PCBM and monomer 4-PCBM, all excited states 
below S3 are local PCBM-excitations, which are nearly degenerate with the CT excitation. 
The vertical CT exciton binding energy (EbCT)vert is defined as the energy difference between the vertical CS state of the 
monomer-PCBM complex and the vertical CT state of the complex: 𝐸!!" !"#$ = 𝐼𝑃 !"#$ − 𝐸𝐴 !"#$ − 𝐶𝑇 !"#$ (3) 
with (IP)vert the vertical ionisation potential, (EA)vert the vertical electron affinity, and (CT)vert the vertical CT state 
energy of the complex (i.e., vertical implies that all energies are obtained at the optimised ground state geometry of the 
complex). 
The relaxed CT exciton binding energy (EbCT)relaxed is defined as the energy difference between the relaxed CS state of 
the complex and the vertical CT state of the complex: 𝐸!!" !"#$%"& = 𝐼𝑃 − 𝐸𝐴 − 𝐶𝑇 !"#$ (4) 
with IP the relaxed ionisation potential, EA the relaxed electron affinity, and (CT)vert the vertical CT state energy of the 
complex. The effect of geometry relaxation of the CS state on the lowering of EbCT is included since the lifetime of the 
CS state is considerably longer (i.e., several ns) than the typical timescales of molecular vibrations (i.e., on the order of 
ps). The creation of free charges from the CT state typically takes place within 150 fs43, which is shorter than the typical 
timescales of molecular vibrations. Therefore the effect of geometry relaxation of the CT state on EbCT is not included in 
this study. 
Since the calculations were done on isolated monomer-PCBM complexes, the theoretical values for EbCT are higher 
compared to experimental values because stabilisation effects from the environment and charge delocalisation effects are
missing. 
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3. RESULTS AND DISCUSSION
3.1 Charge transfer and charge separation upon excitation 
3.1.1 Monomers 
Plots of the isosurface of Δρ(r) for monomers 1-6 are shown in Figure 4. Below each plot the difference between the 
Mulliken charges of the first excited and ground state is given, grouped per segment. The values of DCT and qCT are
included in each plot too. 
Figure 4. Isosurface (isocontour value: 0.001 a.u.) of Δρ(r) for monomers 1-6 with below each plot the difference between 
the Mulliken charges of the first excited and ground state, grouped per segment, and in the upper left corner of each plot the 
value of DCT and qCT. Blue corresponds to a loss of electron density, red corresponds to a gain in electron density. Length of 
each monomer: ~17 Å. 
For all monomers the plots of an isosurface of Δρ(r) show that charge is transferred during the excitation from the 
donating segment and the thiophene unit (predominantly blue, i.e., loss of electron density) to the accepting segment
(predominantly red, i.e., gain in electron density). So the thiophene unit actively participates in the charge transfer 
process. Large and distinct differences between the monomers in the charge separation upon excitation are not 
immediately visible from these plots. Upon these π→π* transitions, not only electron transfer in the π-system is visible, 
but also changes in the σ electron density are discernible, due to relaxation. 
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The Mulliken charge differences between the first excited and the ground state, grouped per segment, (Figure 4, below 
each plot) show that for monomers 2-5 ~0.4 |e-| is transferred during the excitation from the donating segment and the 
thiophene unit to the accepting segment. At monomer 1 only 0.27 |e-| is transferred between these segments, so
substitution with mesomeric push-pull groups enhances the amount of transferred charge upon excitation. In the case of 
inductive push-pull groups (monomer 6) the amount of transferred charge between these segments (0.32 |e-|) is slightly 
smaller compared to 2-5, because these groups do not act through the π-bond system, while this excitation has mainly 
π→π* character. Still these groups enhance the amount of charge transfer too, compared to 1. 
Our results show that the thiophene unit actively participates in the charge transfer process by enhancing the amount of 
charge transfer. Choosing a particular substitution pattern can influence this enhancement. For example in monomer 3 
the thiophene unit is a stronger donor than the donating segment itself. Banerji et al.44 reported for a particular donor-
acceptor co-polymer (PCDTBT) that the thiophene moiety itself relative to the accepting segment is electron donating. 
For PCDTBT, the electron donating properties of the bridging thiophene are stronger than of the actual donating
segment. PCDTBT is related to our monomer of interest, since it only differs in choice of the donating segment (CB 
instead of CPDT). Our result for monomer 3 is in line with this finding of Banerji et al.44. 
The values of DCT (Figure 4, included in each plot) differ between the monomers. Monomers 2-3 show slightly smaller 
and 4-5 slightly larger values compared to 1 and 6, which show similar values. This trend gives insight in the trend found 
in Δµge (Table S1 in the Supporting Information), because qCT differs only moderately between the monomers. So it may 
be useful to separate Δµge in its individual components DCT and qCT to obtain detailed information about the excitation 
process. For example, the larger Δµge of 4-5 compared to 2-3 originates from their larger DCT and slightly larger qCT. For 
6, its larger Δµge compared to 2-3 originates from its larger DCT, because its qCT is nearly similar with the qCT of 2-3.
Compared to 4-5, 6 has a smaller Δµge, which originates from its smaller DCT and slightly smaller qCT. Due to its small 
DCT and smallest qCT, 1 has a small Δµge. The smallest Δµge was found for 3, which can be explained with its smallest
DCT. 
If all these characteristics of the excitation process are compared with the trend found in (Ebexc)vert (Table S1), it appears 
that many of the differences herein between the monomers can be understood. For example, the highest (Ebexc)vert for 
monomer 3 can be explained with its smallest DCT, the small (Ebexc)vert for 4 and 5 with their large DCT and qCT, and the 
similar (Ebexc)vert for 1 and 6 with their similar qCT and DCT. 
To check the performance of this (TD-)DFT approach, CASSCF followed by CASPT2 calculations were done for 
monomer 1 (Table S2 in the Supporting Information). It appears that the vertical first excited state energy calculated 
with TD-DFT (BHandH/6-31G**) and CASPT2 (ANO-S) agrees within ~0.2 eV. Quantitative differences appear in the 
Mulliken charge differences (Exc-Gr) between the different quantum chemical methods, with more charge transfer from 
the thiophene to the acceptor unit for the CASSCF calculation, suggesting that the (TD-)DFT approach underestimates 
the charge transfer character of these excitations; however, the Mulliken charge differences obtained with (TD-)DFT are 
in qualitative agreement with those from the CASSCF calculations. 
This study makes clear that a plot of the isosurface of Δρ(r), the amount of charge transfer upon excitation, and the 
charge transfer excitation length provide detailed and complementary information about the excitation process. For this 
series of monomers, such a detailed study of the excitation process reveals that the thiophene unit actively participates in 
the charge transfer process and that its contribution can be tuned by choosing a particular push-pull group substitution 
pattern. 
3.1.2 Trimers 
In order to see if the findings for the monomers still hold when larger systems are studied, we investigated the same 
characteristics of the excitation process for trimers T1-T6. Plots of the isosurface of Δρ(r), together with the Mulliken 
charge difference between the first excited and the ground state, grouped per segment, are given in Figure 5. The values 
of DCT and qCT are included in each plot too. Large and distinct differences between the trimers in the charge separation 
upon excitation are not immediately discernible. Just like in the monomeric systems, charge is transferred from the
donating segments and the bridging thiophene units - which actively participate in the charge transfer process - to the 
accepting segments. For all trimers, the excitations are more or less delocalised over the whole molecule. 
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The Mulliken charge differences between the first excited and the ground state, grouped per segment, (Figure 5, below 
each plot) make clear that the total amount of transferred charge during the excitation from the donating segments and
the thiophene units to the accepting segments is reasonably similar for T2 (0.28 |e-|), T3 (0.30 |e-|), T4 (0.25 |e-|), T5 
(0.28 |e-|) and T6 (0.23 |e-|) and slightly smaller for the reference T1 (0.19 |e-|). Also for the trimeric systems it appears 
that the thiophene units participate in the charge transfer process and that the push-pull groups enhance the amount of 
charge transfer upon excitation. 
The values of DCT (Figure 5, included in each plot) vary in a narrow range for the trimers. For all trimers the values of 
DCT are smaller than the ones found for the monomeric systems (Figure 4) because of the more delocalised nature of the 
excitations leading to averaging of the positive/negative charge positions over all three units and, hence, a small DCT.
Just like for the monomers, also for the trimers the trend in DCT gives insight in the trend found in Δµge (Table S1), 
because qCT is reasonably similar for T2-T6. For example, the large Δµge for T3 originates from its large DCT and the 
small Δµge for T6 from its small DCT. The smaller Δµge of T4 compared to T2-T3 and T5 can be explained with its 
smaller DCT and its slightly smaller qCT. Finally, T1 shows a smaller DCT and qCT compared to T2-T6 and therefore its 
Δµge is the smallest. So also the trimers show that it may be useful to separate Δµge in its individual components DCT and 
qCT to obtain detailed information about the excitation process. 
     0.02           0.01     -0.08         0.07        0.03     -0.11         0.05         0.01  -0.001 
    0.05          0.02     -0.11 0.11 0.05    -0.16 0.04 0.01   -0.01 
   0.03 0.05       -0.12 0.09         0.08       -0.17       0.04        0.01   -0.009 
T2 !DCT = 1.13 Å qCT = 0.70 |e-| 
T1 !DCT  = 0.75 Å qCT = 0.59 |e-| 
 
T3 !DCT = 1.25 Å qCT = 0.69 |e-| 
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Figure 5. Isosurface (isocontour value: 0.0001 a.u.) of Δρ(r) for trimers T1-T6 with below each plot the difference between 
the Mulliken charges of the first excited and ground state, grouped per segment, and in the upper left corner of each plot the 
value of DCT and qCT. Blue corresponds to a loss of electron density, red corresponds to a gain in electron density. Length of 
each trimer: ~50 Å. 
If all these characteristics of the excitation process are compared with the trend found in (Ebexc)vert of the trimers (Table 
S1), there appears to be no relation between (Ebexc)vert and one of the aforementioned characteristics (DCT, qCT, Δµge) that
for example can explain the slightly lower (Ebexc)vert in the case of T5. 
3.2 Effect of an embedding on the vertical local exciton binding energy 
The effect of a uniform polarisable environment on (Ebexc)vert of monomers 1-6 is shown in Table 1 and Figure 6. Upon 
increasing εr, a reasonably similar decrease in (Ebexc)vert for monomers 1-6 is observed, which does not influence the 
trend found in (Ebexc)vert for the isolated monomers31. This result can be rationalised because the electron density 
displacement upon excitation and the Mulliken charge difference between the excited and ground state (Figure 4) are 
also reasonably similar for the monomers 1-6, leading to a comparable interaction with the environment. So it appears 
that the observed differences in the amount of charge transfer and charge separation upon excitation between the 
monomers, which were discussed previously (see paragraph 3.1), do not influence the stabilisation effects and therefore 
the trend found in (Ebexc)vert for the isolated monomers is not affected. 
 0.04          0.02      -0.08        0.06        0.03     -0.17         0.09       0.01     -0.004 
 
 0.04         0.03     -0.12         0.09        0.06       -0.15 0.04       0.02     -0.01 
 
 
                0.03         0.02     -0.10 0.09 0.03    -0.13          0.05 0.01   -0.006 
 !
T4 !
T5 !DCT = 1.11 Å qCT = 0.71 |e-| !
DCT = 0.88 Å 
qCT = 0.65 |e-| !
T6 !DCT = 0.80 Å qCT = 0.66 |e-| !
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Table 1. Vertical local exciton binding energies (eV) as a function of the static dielectric constant for monomers 1-6. 
εr 1 2 3 4 5 6 
1 2.70 2.61 2.79  2.46 2.42 2.73 
3 0.84 0.76 0.93  0.55 0.50 0.76 
6 0.35 0.29 0.44  0.04 0.00 0.22 
9 0.18 0.13 0.28 -0.13 -0.17 0.10 
12 0.10 0.04 0.21 -0.22 -0.25 0.02 
15 0.05 -0.01 0.13 -0.27 -0.31 -0.03 
Δ(Ebexc)vert
(εr: 1 →15) 
2.66 2.62 2.66  2.72 2.72 2.76 
Figure 6. Vertical local exciton binding energy ((Ebexc)vert, eV) for monomers 1-6 as a function of the relative static dielectric 
constant. 
In a typical OPV device the relative dielectric constant of the active layer (polymer and PCBM) is ~3-4.13 Figure 6 
shows that a dielectric screening of 3 lowers (Ebexc)vert by ~2 eV. For the cross-conjugated monomers 4 and 5 (Ebexc)vert is 
lowered to ~0.5 eV, which is in good agreement with reported values for similar donor-acceptor co-polymers (i.e., 0.3-
0.5 eV13). 
3.3 Monomer-PCBM complexes 
3.3.1 Excited state properties 
An overview of several excited state properties for monomers 1-6 with PCBM is given in Table 2. It appears that εLUMO
becomes similar for all monomer-PCBM complexes within a range of 0.1 eV because this property is predominantly
determined by εLUMO of the PCBM molecule. For εHOMO the same trend is found in the monomer-PCBM complexes as 
was found in the corresponding monomer systems (Table S3 in the Supporting Information). These outcomes are in line 
with the general picture that for a donor-acceptor complex εHOMO resembles εHOMO of the donor and εLUMO resembles 
εLUMO of the acceptor. The band gap ΔεHL becomes nearly similar for all complexes due to the similar εLUMO and almost 
similar εHOMO. A reasonable correspondence in the trends between (IP)vert and εHOMO and a good correspondence in trends 
between (EA)vert and εLUMO for the complexes is found. 
A slightly larger relaxation energy of the cation (i.e., (IP)vert − IP) is found in the case of monomer 5-PCBM, namely 
~0.3 eV, compared to the other complexes, namely ~0.2 eV. A noteworthy change in geometrical feature upon relaxation 
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of the cationic complexes is the decrease in dihedral angle α, resulting in planarisation of the monomer (Figure 7). The 
relaxation energies of the anions (i.e., (EA)vert − EA) are similar for all complexes, namely ~-0.1 eV, because the PCBM 
molecule predominantly determines the relaxation of the anionic complex. 
Figure 7. Left: geometry of neutral complex of monomer 5-PCBM illustrating the relative large dihedral angle α. Right: 
geometry of cationic complex of monomer 5-PCBM illustrating the smaller dihedral angle α. 
(CT)vert is expected to depend on (IP)vert of the monomer-PCBM complex (which is related to (IP)vert of the monomer, 
Table S3), (EA)vert of the complex (which is related to (EA)vert of PCBM) and the distance between the monomer and 
PCBM. Table 2 shows comparable (EA)vert for the complexes. Also the nearest distance between the monomer and
PCBM carbon atoms (the ones of the C60 part) is comparable for the complexes (3.02 ± 0.1 Å). So the trend in (CT)vert is 
expected to depend on the trend in (IP)vert of the complexes. Indeed a reasonable linear correlation (R2 = 0.63) is found 
between (IP)vert and (CT)vert, i.e., the smaller the (IP)vert the lower (CT)vert. The strongest linear correlation is found 
between (IP)vert − (EA)vert and (CT)vert (R2 = 0.80). 
Table 2. The vertical excitation energy of the excited state with the largest oscillator strength ((S*)vert, eV), vertical CT state 
energy ((CT)vert, eV), oscillator strength of the vertical excited state with the largest oscillator strength (f(S*)), oscillator 
strength of the vertical CT state (f(CT)), HOMO energy (εHOMO, eV), LUMO energy (εLUMO, eV), orbital energy difference 
between HOMO and LUMO (ΔεHL, eV), vertical ionisation potential ((IP)vert, eV), ionisation potential (IP, eV), vertical
electron affinity ((EA)vert, eV), and electron affinity (EA, eV) for monomers 1-6 with PCBM. 
system (S*)vert (CT)verta f(S*) f(CT) εHOMO εLUMO ΔεHL (IP)vert IP (EA)vert EA 
1-PCBM 2.93 2.47 0.12 0.0050 -5.77 -2.23 3.54 6.13 5.91 1.68 1.78 
2-PCBM 2.20 0.053 -5.76 -2.33 3.43 6.04 5.85 1.83 1.97 
3-PCBM 2.34 0.21 -5.81 -2.21 3.60 6.10 5.90 1.69 1.80 
4-PCBM 2.56 2.46 0.12 0.027 -5.83 -2.28 3.55 6.19 5.98 1.78 1.94 
5-PCBM 2.39 2.28 0.17 0.051 -5.64 -2.29 3.35 5.99 5.66 1.77 1.92 
6-PCBM 2.88 2.37 0.22 0.030 -5.72 -2.25 3.47 6.05 5.79 1.71 1.81 
a CT corresponds to the excited state with the largest CT character from monomer to PCBM. These excitations all 
correspond predominantly to a HOMO (D) → LUMO (A) transition with c2 > 0.55, except for monomer 1-PCBM (HOMO 
(D) → LUMO (A) transition with c2 = 0.34 and HOMO-1 (A) → LUMO (A) transition with c2 = 0.31 and the remaining part 
local PCBM-excitations), monomer 3-PCBM (HOMO (D) → LUMO (A) transition with c2 = 0.37 and HOMO (D) → 
LUMO+3 (D) with c2 = 0.30 and the remaining part local PCBM-excitations (c2 ~ 0.17) and CT excitations (c2 ~ 0.16)) and 
monomer 4-PCBM (HOMO (D)→ LUMO (A) transition with c2 = 0.38 and HOMO-1 (A)→ LUMO (A) with c2 = 0.28 and 
the remaining part local PCBM-excitations). 
The oscillator strengths f(CT) are very small for the CT states of the complexes except for monomer 3-PCBM, which can 
be understood by scrutinising the occupied-virtual orbital pairs that belong to the particular CT excitation. Monomer 3-
PCBM is the only system with a large D → D contribution (c2 = 0.30) to the CT excitation, which is comparable to the D 
→ A contribution (c2 = 0.37). Local excitations on the donor molecule can have large oscillator strengths, which explain 
the large oscillator strength of the CT state of monomer 3-PCBM. It even appears to be the largest oscillator strength 
defaults used                           
single point                            
M O L D E NL EM O D NL EM O D NL EM O D NL E
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within the lowest 10 excitations. For monomer 2-PCBM the CT excitation also has, besides the dominant D → A 
contribution (c2 = 0.56), a considerable D → D contribution (c2 = 0.29), but in this system it is still significantly smaller 
than the most important contribution. For this complex f(CT) also is the largest oscillator strength within the lowest 10
excitations. 
Table 2 also lists the vertical excitation energy of the excited state with the largest oscillator strength, labelled as (S*)vert 
and its oscillator strength, labelled as f(S*). For all monomer-PCBM complexes except monomer 2-PCBM and monomer 
3-PCBM, this state is assigned predominantly as a local excitation on the monomer. For these complexes, the energies of 
(S*)vert are comparable to the energies of the excited states with the largest oscillator strength of the monomeric systems 
(Table S3). For monomer 2-PCBM the second excited state at 2.37 eV with f = 0.0052 can be assigned as a local 
excitation on the monomer (D → D contribution (c2 = 0.46), D → A contribution (c2 = 0.37) and the remaining part local 
PCBM-excitations). For monomer 3-PCBM, no other excitation is found (within the lowest 10) that can be assigned 
predominantly as a local excitation on the monomer. Besides the CT excitation (S1), also the second excited state at 2.43 
eV with f = 0.063 has some D → D contribution (c2 = 0.10), but its main character is a local-PCBM excitation (c2 =
0.72). 
3.3.2 CT exciton binding energies 
For monomers 1-6 with PCBM (EbCT)vert and (EbCT)relaxed are given in Table 3. When (EbCT)vert of these monomer-PCBM 
complexes are compared to (Ebexc)vert of the monomers 1-6 (Table S1) it appears that the clear distinction between linear- 
and cross-conjugation - with the lowest (Ebexc)vert in the case of cross-conjugation - is not maintained in the case of 
(EbCT)vert. In fact, all (EbCT)vert of the complexes are similar. (EbCT)relaxed appears to be slightly lower for monomer 5-
PCBM (namely ~0.2 eV) compared to the other complexes. The additional reduction in this case originates from the 
slightly larger relaxation of the cationic complex of monomer 5-PCBM compared to the other complexes, which was
mentioned previously. 
The similar values of (EbCT)vert for the complexes can be explained by realising that for the monomers 1-6 the differences 
in (Ebexc)vert between linear- and cross-conjugated molecules mainly originate from differences in (EA)vert (Table S3). 
Once a very strong acceptor (i.e., stronger than the acceptor segment of the co-monomer) like PCBM is present in the 
vicinity of the monomer, (EA)vert of the monomer itself will not affect in a direct way (EbCT)vert of the monomer-PCBM 
complex (eq. 3).  
It turns out that (IP)vert of the monomer slightly affects (EbCT)vert (namely through (IP)vert and (CT)vert of the complex, see 
eq. 3). It appears that the variation in (IP)vert of the monomers (namely ~0.2 eV, Table S3) is larger than the variation in 
(EbCT)vert of the complexes (namely ~0.1 eV, Table 3). This indicates that the effect of (IP)vert of the monomer on
(EbCT)vert of the complex is slightly damped. 
Table 3. The vertical and relaxed CT exciton binding energy ((EbCT)vert, (EbCT)relaxed, eV) for monomers 1-6 with PCBM. 
system (EbCT)vert (EbCT)relaxed 
1-PCBM 1.97 1.65 
2-PCBM 2.01 1.69 
3-PCBM 2.07 1.76 
4-PCBM 1.95 1.58 
5-PCBM 1.93 1.46 
6-PCBM 1.97 1.61 
So for this series of monomers 1-6 no relation exists between the vertical binding energy of the local exciton and of the 
CT exciton because the variation in (Ebexc)vert depends mainly on the large variation in (EA)vert between the monomers. 
For a series of monomers in which the variation in (Ebexc)vert depends mainly on the variation in (IP)vert between the 
monomers, it is possible that (Ebexc)vert and (EbCT)vert are related. However, based on our finding that the effect of (IP)vert 
on (EbCT)vert is slightly damped, a small effect is expected. 
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4. CONCLUSIONS
The scientific objective of this work was three-fold. Firstly, for a series of related monomers and their corresponding 
trimers we provided detailed information on the amount of charge that is transferred upon excitation and on the charge
transfer excitation length. Secondly, for the same series of monomers we examined the question whether embedding 
effects influence the trend that was found in vacuum for the vertical exciton binding energy31. Thirdly, we answered the 
question whether a relation exists between the binding energies of local and CT excitons for the series of related 
monomers. 
By studying a plot of the electron density displacement upon excitation, the amount of charge transfer upon excitation,
and the charge transfer excitation length, detailed and complementary information about the excitation process can be 
obtained. For the studied monomeric and trimeric systems, such a detailed study of the excitation process reveals that the 
thiophene unit – often included in the donor-acceptor co-polymer design to make the backbone more planar – actively 
participates in the charge transfer process and that its contribution can be tuned by choosing a particular push-pull group
substitution pattern. 
For all monomers, a reasonably similar decrease in the vertical local exciton binding energy was found with increasing 
static dielectric constant. This result was rationalised by noting that the electron density displacement upon excitation 
and the Mulliken charge difference between excited and ground state for the monomers are also reasonably similar,
leading to a comparable interaction with the environment. So for these systems embedding effects do not change the 
trend that was found in vacuum for the vertical local exciton binding energy31. 
For the studied monomers, no relation exists between the vertical binding energy of the local exciton and of the CT 
exciton. This outcome can be understood because the variation in vertical local exciton binding energy depends mainly 
on the variation in vertical electron affinity between the monomers, which does not affect in a direct way the vertical CT 
exciton binding energy. 
This work gives some interesting insights that may be useful for future development of promising OPV materials. First 
of all, it indicates that the thiophene unit actively participates in the charge transfer process and that its contribution can 
be tuned by choosing a particular push-pull group substitution pattern. Secondly, for polymers having a low exciton 
binding energy due to a high electron affinity this work shows that no interplay exists between intra- and inter-molecular 
CT states in the charge separation process in OPV devices through their binding energies.  
ASSOCIATED CONTENT 
Supporting Information. The vertical local exciton binding energy and dipole moment change upon excitation for 
monomers 1-6 and their corresponding trimers T1-T6, the vertical first excited state energy and difference between the 
Mulliken charges of the first excited and ground state for monomer 1 obtained with different quantum chemical methods 
and basis sets, and several excited state properties of monomers 1-6. 
ACKNOWLEDGEMENTS 
Prof. dr. J. C. Hummelen of the University of Groningen is thanked for stimulating discussions. R.W.A.H. acknowledges 
the Zernike Institute for Advanced Materials (“Dieptestrategie” program) for financial support. This work is part of the 
research programme of the Foundation of Fundamental Research on Matter (FOM), which is part of the Netherlands 
Organisation for Scientific Research (NWO). This is a publication of the FOM-focus Group ‘Next Generation Organic 
Photovoltaics’, participating in the Dutch Institute for Fundamental Energy Research (DIFFER). The work was partially 
completed with computing time at the Dutch National Supercomputer Cartesius (SURFsara, SH-213-13). 
Proc. of SPIE Vol. 9567  95670N-14
Downloaded From: http://spiedigitallibrary.org/ on 01/13/2016 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx
REFERENCES 
[1] Green, M. A., Emery, K., Hishikawa, Y., Warta, W., and Dunlop, E. D., “Solar cell efficiency tables (version 
44).” Prog. Photovolt: Res. Appl., 22, 701-710 (2014). 
[2] Tsuo, Y. S., Gee, J. M., Menna, P., Strebkov, D. S., Pinov, A., and Zadde, V., “Environmentally benign silicon 
solar cell manufacturing,” Presented at the 2nd world conference and exhibition on photovoltaic solar energy 
conversion, Vienna (Austria) (1998). 
[3] Brabec, C. J., “Organic photovoltaics: technology and market,” Sol. Energ. Mat. Sol. Cells, 83, 273-292 (2004). 
[4] Yu, G., Gao, J., Hummelen, J. C., Wudl, F., and Heeger, A. J., “Polymer photovoltaic cells: enhanced 
efficiencies via a network of international donor-acceptor heterojunctions.,” Science, 270, 1789-1791 (1995). 
[5] Anthony, J. E., “Organic electronics: addressing challenges,” Nat. Mater., 13, 773-775 (2014). 
[6] Pandey, L., Risko, C., Norton, J. E., and Brédas, J.-L., “Donor-acceptor copolymers of relevance for organic
photovoltaics: a theoretical investigation of the impact of chemical structure modifications on the electronic and
optical properties,” Macromolecules, 45, 6405-6414 (2012). 
[7] Dennler, G., Scharber, M. C., and Brabec, C. J., “Polymer-fullerene bulk-heterojunction solar cells,” Adv. 
Mater., 21, 1323-1338 (2009). 
[8] van Mullekom, H. A. M., Vekemans, J. A. J. M., Havinga, E. E., and Meijer, E. W., “Developments in the 
chemistry and band gap engineering of donor-acceptor substituted conjugated polymers,” Mater. Sci. Eng., 32, 
1-40 (2001). 
[9] Tautz, R., Da Como, E., Limmer, T., Feldmann, J., Egelhaaf, H.-J., von Hauff, E., Lemaur, V., Beljonne, D., 
Yilmaz, S., Dumsch, I., Allard, S., and Scherf, U., “Structural correlations in the generation of polaron pairs in 
low-bandgap polymers for photovoltaics,” Nat. Commun., 3:970, 1-8 (2012). 
[10] Liu, T., and Troisi, A., “What makes fullerene acceptors special as electron acceptors in organic solar cells and 
how to replace them,” Adv. Mater., 25, 1038-1041 (2013). 
[11] Hummelen, J. C., Knight, B. W., LePeq, F., and Wudl, F., “Preparation and characterization of fulleroid and 
methanofullerene derivatives,” J. Org. Chem., 60, 532-538 (1995). 
[12] Brédas, J.-L., Norton, J. E., Cornil, J., and Coropceanu, V., “Molecular understanding of organic solar cells: the 
challenges.,” Acc. Chem. Res., 42, 1691-1699 (2009). 
[13] Piliego, C., and Loi, M. A., “Charge transfer state in highly efficient polymer-fullerene bulk heterojunction 
solar cells.,” J. Mater. Chem., 22, 4141-4150 (2012). 
[14] Hallerman, M., Haneder, S., and Da Como, E., “Charge-transfer states in conjugated polymer/fullerene blends:
below-gap weakly bound excitons for polymer photovoltaics,” Appl. Phys. Lett., 93, 053307 (2008). 
[15] Loi, M. A., Toffanin, S., Muccini, M., Forster, M., Scherf, U., and Scharber, M. C., “Charge transfer excitons in 
bulk heterojunctions of a polyfluorene copolymer and a fullerene derivative,” Adv. Funct. Mater., 17, 2111-
2116 (2007). 
[16] Tsutsumi, J., Matsuzaki, H., Kanai, N., Yamada, T., and Hasegawa, T., “Formation of relaxed charge-transfer 
excitons in donor–acceptor-type polymer solar cells,” Jpn. J. Appl. Phys., 53, 05HB12 (2014). 
[17] Vandewal, K., Albrecht, S., Hoke, E. T., Graham, K. R., Widmer, J., Douglas, J. D., Schubert, M., Mateker, W.
R., Bloking, J. T., Burkhard, G. F., Sellinger, A., Fréchet, J. M. J., Amassian, A., Riede, M. K., McGehee, M. 
D., Neher, D., and Salleo, A., “Efficient charge generation by relaxed charge-transfer states at organic 
interfaces,” Nat. Mater., 13, 63-68 (2014). 
[18] Savoie, B. M., Rao, A., Bakulin, A. A., Gelinas, S., Movaghar, B., Friend, R. H., Marks, T. J., and Ratner, M. 
A., “Unequal partnership: asymmetric roles of polymeric donor and fullerene acceptor in generating free 
charge,” J. Am. Chem. Soc., 136, 2876-2884 (2014). 
[19] Clarke, T. M., and Durrant, J. R., “Charge photogeneration in organic solar cells.,” Chem. Rev., 110, 6736-6767
(2010). 
[20] Carsten, B., Szarko, J. M., Lu, L., Son, H. J., He, F., Botros, Y. Y., Chen, L. X., and Yu, L., “Mediating solar 
cell performance by controlling the internal dipole change in organic photovoltaic polymers,” Macromolecules, 
45, 6390-6395 (2012). 
[21] Deibel, C., Strobel, T., and Dyakonov, V., “Role of charge transfer state in organic donor-acceptor solar cells.,”
Adv. Mater., 22, 4097-4111 (2010). 
[22] Bakulin, A. A., Rao, A., Pavelyev, V. G., Loosdrecht van, P. H. M., Pshenichnikov, M. S., Niedzialek, D., 
Cornil, J., Beljonne, D., and Friend, R. H., “The role of driving energy and delocalized states for charge 
separation in organic semiconductors.,” Science, 335, 1340-1344 (2012). 
Proc. of SPIE Vol. 9567  95670N-15
Downloaded From: http://spiedigitallibrary.org/ on 01/13/2016 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx
[23] Szarko, J. M., Rolczynski, B. S., Lou, S. J., Xu, T., Strzalka, J., Marks, T. J., Yu, L., and Chen, L. X., 
“Photovoltaic function and exciton/charge transfer dynamics in a highly efficient semiconducting copolymer,”
Adv. Funct. Mater., 24, 10-26 (2014). 
[24] Howard, I. A., Mauer, R., Meister, M., and Laquai, F., “Effect of morphology on ultrafast free carrier 
generation in polythiophene:fullerene organic solar cells,” J. Am. Chem. Soc., 132, 14866–14876 (2010). 
[25] Rolczynski, B. S., Szarko, J. M., Son, H. J., Yu, L., and Chen, L. X., “Effects of exciton polarity in charge-
transfer polymer/PCBM bulk heterojunction films,” J. Phys. Chem. Lett., 5, 1856-1863 (2014). 
[26] Mulliken, R. S., “Electronic Population Analysis on LCAOMO Molecular Wave Functions. I,” J. Chem. Phys., 
23, 1833-1840 (1955). 
[27] Etienne, T., Assfeld, X., and Monari, A., “Toward a quantitative assessment of electronic transitions' charge-
transfer character,” J. Chem. Theory Comput., 10, 3896-3905 (2014). 
[28] Etienne, T., Assfeld, X., and Monari, A., “New insight into the topology of excited states through 
detachment/attachment density matrices-based centroids of charge,” J. Chem. Theory Comput., 10, 3906-3914
(2014). 
[29] Le Bahers, T., Adamo, C., and Ciofini, I., “A qualitative index of spatial extent in charge-transfer excitations,” 
J. Chem. Theory Comput., 7, 2498-2506 (2011). 
[30] Tomasi, J., Mennucci, B., and Cammi, R., “Quantum mechanical continuum solvation models.,” Chem. Rev., 
105, 2999-3093 (2005). 
[31] de Gier, H. D., Rietberg, B. J., Broer, R., and Havenith, R. W. A., “Influence of push-pull group substitution
patterns on excited state properties of donor-acceptor co-monomers and their trimers,” Comput. Theoret. 
Chem., 1040-1041, 202-211 (2014). 
[32] Becke, A. D., “A new mixing of Hartree-Fock and local density-functional theories,” J. Phys. Chem., 98, 1372-
1377 (1993). 
[33] Aidas, K., Angeli, C., K.L. Bak, V. Bakken, Bast, R., Boman, L., O. Christiansen, R. Cimiraglia, S. Coriani, P. 
Dahle, E. K. Dalskov, U. Ekström, T. Enevoldsen, J. J. Eriksen, P. Ettenhuber, B. Fernández, L. Ferrighi, H. 
Fliegl, L. Frediani, K. Hald, A. Halkier, C. Hättig, H. Heiberg, T. Helgaker, A. C. Hennum, H. Hettema, E.
Hjertenaes, S. Høst, I.-M. Høyvik, M. F. Iozzi, B. Jansík, H. J. A. Jensen, D. Jonsson, P. Jørgensen, J. Kauczor, 
S. Kirpekar, T. Kjaergaard, W. Klopper, S. Knecht, R. Kobayashi, H. Koch, J. Kongsted, A. Krapp, K. 
Kristensen, A. Ligabue, O. B. Lutnaes, J. I. Melo, K. V. Mikkelsen, R. H. Myhre, C. Neiss, C. B. Nielsen, P. 
Norman, J. Olsen, J. M. H. Olsen, A. Osted, M. J. Packer, F. Pawlowski, T. B. Pedersen, P. F. Provasi, S. 
Reine, Z. Rinkevicius, T. A. Ruden, K. Ruud, V. V. Rybkin, P. Sałek, C. C. M. Samson, A. S. de Merás, T. 
Saue, S. P. A. Sauer, B. Schimmelpfennig, K. Sneskov, A. H. Steindal, K. O. Sylvester-Hvid, P. R. Taylor, A. 
M. Teale, E. I. Tellgren, D. P. Tew, A. J. Thorvaldsen, L. Thøgersen, O. Vahtras, M. A. Watson, D. J. D.
Wilson, Ziolkowskiand, M., and Ågren, H., “The Dalton quantum chemistry program system,” Wiley 
Interdisciplinary Reviews: Computational Molecular Science, 4, 269-284 (2013). 
[34] Guest, M. F., Bush, I. J., Dam van, H. J. J., Sherwood, P., Thomas, J. M. H., Lenthe van, J. H., Havenith, R. W. 
A., and Kendrick, J., “The GAMESS-UK electronic structure package: algorithms, developments and 
applications.,” Mol. Phys., 103, 719-747 (2005). 
[35] de Gier, H. D., Broer, R., and Havenith, R. W. A., “Non-innocent side-chains with dipole moments in organic
solar cells improve charge separation,” Phys. Chem. Chem. Phys., 16(24), 12454-12461 (2014). 
[36] Frisch, M. J., Trucks, G. W., Schlegel, H. B., Scuseria, G. E., Robb, M. A., Cheeseman, J. R., Scalmani, G.,
Barone, V., Mennucci, B., Petersson, G. A., Nakatsuji, H., Caricato, M., Li, X., Hratchian, H. P., Izmaylov, A. 
F., Bloino, J., Zheng, G., Sonnenberg, J. L., Hada, M., Ehara, M., Toyota, K., Fukuda, R., Hasegawa, J., Ishida, 
M., Nakajima, T., Honda, Y., Kitao, O., Nakai, H., Vreven, T., Montgomery Jr., J. A., Peralta, J. E., Ogliaro, F., 
Bearpark, M. J., Heyd, J., Brothers, E. N., Kudin, K. N., Staroverov, V. N., Kobayashi, R., Normand, J., 
Raghavachari, K., Rendell, A. P., Burant, J. C., Iyengar, S. S., Tomasi, J., Cossi, M., Rega, N., Millam, N. J.,
Klene, M., Knox, J. E., Cross, J. B., Bakken, V., Adamo, C., Jaramillo, J., Gomperts, R., Stratmann, R. E., 
Yazyev, O., Austin, A. J., Cammi, R., Pomelli, C., Ochterski, J. W., Martin, R. L., Morokuma, K., Zakrzewski, 
V. G., Voth, G. A., Salvador, P., Dannenberg, J. J., Dapprich, S., Daniels, A. D., Farkas, Ö., Foresman, J. B., 
Ortiz, J. V., Cioslowski, J., and Fox, D. J., Gaussian 09, revision C.01, Gaussian, Inc., Wallingford CT, (2010). 
[37] Reed, A. E., Weinstock, R. B., and Weinhold, F., “Natural population analysis,” J. Chem. Phys., 83, 735-746
(1985). 
Proc. of SPIE Vol. 9567  95670N-16
Downloaded From: http://spiedigitallibrary.org/ on 01/13/2016 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx
[38] Aquillante, F., De Vico, L., Ferré, N., Ghigo, G., Malmqvist, P.-Å., Neogrády, P., T.B., P., Pitonak, M., Reiher, 
M., Roos, B. O., Serrano-Andrés, L., Urban, M., Veryazov, V., and Lindh, R., “MOLCAS 7: the next 
generation,” J. Comp. Chem., 31, 224-247 (2010). 
[39] Veryazov, V., Widmark, P.-O., Serrano-Andrés, L., Lindh, R., and Roos, B. O., “MOLCAS as a development 
platform for quantum chemistry software,” Int. J. Quantum Chem., 100, 626-635 (2004). 
[40] Karlström, G., Lindh, R., Malmqvist, P.-Å., Roos, B. O., Ryde, U., Veryazov, V., Widmark, P.-O., Cossi, M., 
Schimmelpfennig, B., Neogrády, P., and Seijo, L., “MOLCAS: a program package for computational
chemistry,” Comput. Mater. Sci., 28, 222-239 (2003). 
[41] Grimme, S., “Accurate description of van der Waals complexes by density functional theory including 
empirical corrections,” J. Comput. Chem., 25, 1463-1473 (2004). 
[42] Becke, A. D., “Density-functional thermochemistry. III. The role of exact exchange.,” J. Chem. Phys., 98, 
5648-5652 (1993). 
[43] Etzold, F., Howard, I. A., Forler, N., Cho, D. M., Meister, M., Mangold, H., Shu, J., Hansen, M. R., Müllen, K., 
and Laquai, F., “The effect of solvent additives on morphology and excited-state dynamics in 
PCPDTBT:PCBM photovoltaic blends,” J. Am. Chem. Soc., 134, 10569-10583 (2012). 
[44] Banerji, N., Gagnon, E., Morgantini, P.-Y., Valouch, S., Mohebbi, A. R., Seo, J.-H., Leclerc, M., and Heeger, 
A. J., “Breaking down the problem: optical transitions, electronic structure, and photoconductivity in 
conjugated polymer PCDTBT and its separate building blocks,” J. Phys. Chem. C, 116, 11456-11469 (2012). 
Table of Contents 
Table S1. The vertical local exciton binding energy and dipole moment change upon excitation for monomers 1-6 and 
their corresponding trimers T1-T6.  
Table S2. The vertical first excited state energy and difference between the Mulliken charges of the first excited and
ground state, grouped per segment, for monomer 1 obtained with different quantum chemical methods and basis sets. 
Table S3. The vertical first excited state energy, oscillator strength, HOMO energy, LUMO energy, orbital energy 
difference between HOMO and LUMO, vertical ionisation potential, and vertical electron affinity for monomers 1-6.  
Proc. of SPIE Vol. 9567  95670N-17
Downloaded From: http://spiedigitallibrary.org/ on 01/13/2016 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx
Table S1. The vertical local exciton binding energy ((Ebexc)vert, eV) and dipole moment change upon excitation (Δµge,
Debye) for monomers 1-6 and their corresponding trimers T1-T6 from ref.1. 
monomer (Ebexc)vert Δµge trimer (Ebexc)vert Δµge 
1 2.70 11.11 T1 1.91 2.14 
2 2.61 11.53 T2 1.81 3.77 
3 2.79 10.13 T3 1.92 4.14 
4 2.46 17.84 T4 1.85 2.78 
5 2.42 17.57 T5 1.72 3.79 
6 2.73 13.47 T6 1.95 2.54 
Table S2. The vertical first excited state energy (S1, eV) and difference between the Mulliken charges of the first excited 
and ground state, grouped per segment, for monomer 1 obtained with different quantum chemical methods and basis sets 
(SP = state specific, SA = state average). 
Method S1 (eV) Mulliken charge difference (Exc-Gr) 
donor thiophene unit acceptor 
TD-DFT (BHandH/6-31G**) 2.90 0.19 0.08 -0.27 
SP CASSCF (6-31G**) 4.23 0.15 0.28 -0.43 
SA CASSCF (6-31G**)  4.15 0.06 0.30 -0.36 
SP CASSCF (ANO-S) 3.89 0.17 0.30 -0.47 
SA CASSCF (ANO-S) 3.74 0.13 0.36 -0.49 
SP CASPT2 (ANO-S) 3.08 - - - 
SA CASPT2 (ANO-S) 3.09 - - - 
Table S3. The vertical first excited state energy (S1, eV)*, oscillator strength (f), HOMO energy (εHOMO, eV), LUMO 
energy (εLUMO, eV), orbital energy difference between HOMO and LUMO (ΔεHL, eV), vertical ionisation potential 
((IP)vert, eV), and vertical electron affinity ((EA)vert, eV) for monomers 1-6 from ref.1. 
monomer S1* f εHOMO εLUMO ΔεHL (IP)vert (EA)vert 
1 2.90 0.803 -5.72 -1.44 4.28 6.33 0.72 
2 2.41 0.581 -5.74 -1.98 3.75 6.30 1.29 
3 2.36 0.373 -5.85 -2.00 3.85 6.44 1.28 
4 2.61 0.520 -5.86 -2.13 3.73 6.46 1.40 
5 2.37 0.473 -5.64 -2.16 3.48 6.23 1.44 
6 2.87 0.725 -5.69 -1.53 4.16 6.36 0.76 
* These excitations all correspond to a HOMO → LUMO transition (c2 > 0.83)
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